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AAS 95-065

PRECISION PC) INTING FOR 1 HE PLUTO MISSION
SPACECRAFT

Glen J. Kissel*

1 he elements of an attitude control subsystem to supl)or[  precision pointing
for the Pluto mission and spacecraft are described. Cost, mass, schedule
and performance, approximately in that or{ier, drove ttm rrlission, spacecraft
as well as the attitude COntrOl  Sutwystem design. 1 he q)acecraft  is a three
axis stabilized vehicle using cold gas jets for attitude corttrol  and hycirazine
ttwusters for trajectory correction maneuvers. The inerti;il reference unit will
be LIseci for attitude determination during trajcctcq  collection maneuvers.
1 he star tracker is the key Ilardwar[:  assembly supporting attitude
determination for precisicm pointing during the F’luto/Gharon  encounter.
Both the star tracker and inertial reference unit are desc;ritmd in the paper. An
attitude determination and control scheme to support precision imaging at
F’luto encounter is sketched.

INTRODUCTION

‘lk kcy clcmcnts  in suppt  of precision pointing for a mission to l’luto :trc. dcsaibc[i.
‘1’hc design is a rcslllt of a continui]~~j  II IissioI~  (icvclopmc]lt  activity at Jet 1’mpIIlsion
1 .abomtory  on a small spacmmaft  (180 kg) for a mission to I)lulo, the onc planc(  iII tlIc sol fir
systcm  yet to be explored by robotic sjmcccraf[. ‘Iwo spacccmft,  each with i]]tc.ma]
bnrdwarc  redundancy, arc to compldc  fast flybys of 1’IUIO aId its IIIOOn  Charon  followil]::
direct t r:?jcctorics  fmm 1 k~r[lI. ‘1’hc scicnec  instrumimts  inc]udc.  visibk  and infrared ilnagcw
(visible ]maging is intended to provi(ie I kllI global resolution), aII ultravio]ct  spcctro]llc(cr,
a radio scicmcc  cxpuimcnt  to bc used during  ] k(l) occu]tat  iol~s I)y ]’]ulo’s at mosphcu”c  aJId
finally a drop pId)c p]ovidcd  by the Russians to mcasulc. constituents in ]’luto’s
almosphcrc,  ‘J’hc mission for each spacccI aft is cx]mtcd  to last 10 years. llcscribcd in this
papm will be the fiscal yc.ar (1 ‘Y) 1994 basdinc  wl}ich  at the (in IC was called the 1’111(0 1 ‘as[
1 d yby Spacccl’af(.

la [k next scctiolls  wc jwovidc a dcsoiption  01’ the l’luto Cllamn system followed by a
I)ricf discussion of past l’luto studies. ‘I’l Ic mission sccnal’io and spacecraft design  arc
twicfly  rcvicwcd. ‘J’hc. attitude control Cquircmcnts  :ind subsys~em are tbcn presented.
Attcntim  is then givcm  to tbc imrlial  mfcrulcc unit aml star tracker hadwarc  supporting tl]c
attitude dctcrmina[ioll  and ]mcision pointing, function of llIc spaccmafl. ]ssucs  10 consider
for aII opcm loop point inf!, scbcmc at l’luto Cncoulltc.r’  arc discussd. Concludin~,  rcmaks
arc made in the tlnal sccti  o]].



THE PLUTO-CHARON SYSTEM

l’]uto is normally [he pland  fwtbcs[  from the Sun duIinf, its 248 year orbi[, bllt since
1979 it bas bc.cn  inside the mbit of Nc~Jtunc., rcaclling perihelion in 1989. I\y 1999 it will
mm again be the outermost planet. For several years arouIId perihelion ]’luto has a
tenuous a(mospbcrc,  which will eventually coll:Ipsc  as it moves oulsidc the orbit of
Neptune. lly 2020it  iscxpcdcd  that P]uto’s a(l]msphcre  will have largely condensed.
l]cc:itlsc  (~ ftl]ctc]]]l>oraly  naturcof its z]tt~~osl>llc]c:ill(l  the fa{l that l’lnto has yc.t tobc
c.xplord,  a flyby mission tol’luto  appears attractiw.

1’IuIo is somcwha{  smaller than the l;ar~b’s IIloon (the radius of l’luto is 115(1 km
compared with (I]cj]][)o]]’s]:l(lillsof  1740knl)  and itsclfllasa  IIm)II (baron  atmut  halfof

1 “t:ll)])c;ils  (ll:i(l’ltltc)  c:illt)cst  bethe diamctcrof  l’loto. lirom lhr[b based observations , I
nmlc]cd  by Ncptuncfs  moon ‘1’ri(on,  while  Chamn nms( closely resembles the llranian
m o o n  Aricl. ‘I’llcsc]l~i]~lajol:  ixisofC t]aroI]’s(]rl)it  is 19640k  III aIId Charon  orbi(sl’]uto
every  6.4 days, the s:il]lc  asl’ltlto’s  ]otatio]~”  period

}’]uto is bclicvcd  to be 70% rock and approximiltc]y  3(M watt.r ice with a thin mctbanc
icc surface. IIS CO1OJ is cxpcctcd  tobc pinker than ‘1’ritm], h]! not :is red as h4a Is. l’]uto
also has dark mare-siml surface markings. Cllaron  appatcntly only has a water ice
Slllfacc.

SOME PAST PLUTO MISSION STUDIES

Several missions have bc.cn pmposcd to Pluto in the ]Jasl. ‘I’tlc original  sccnaliosf  ora
[irand’1’oLIr2  c) ftllct~~]tcr  ]>l:il]c.ts  c:tllc{l  f(J]:tf lyt~y()fl  'llll(),[il-l(i morcrc.ccnlly, sludicsat
Jell’roI~L]lsiolll .:ll]()]:lt()]j’il] ]990anct  199? cx:tll]illc(l  flyl)y]lli<sio] lsl:is[i]lg 14 years with
a 500” k~ Spacccraf[. ‘1’hc present mission dc.vclopmcnt  phas~ bc~,an  in 1992, with an
orig,inal  (lcsig[l gc):iloft  wc)35kgs ~):lcccraf(.

h40s[ of the spacmraft  proposal for l’luto flybys have been three axis sta1)ili7cd3;
however, a ]nodificalion  10 the spinning l’ionccr s]mcccraf[  ]Ia(l  I)CCI) ])roposd  for a <irand
‘IO(II which inc]udcxi a flyby of l’luto4.

MISSION SCENAR1O AND CONSTRAINTS

Cost,  mass, SCIICYILIIC  and pcrformancc, approximately itl Il]at order, have drive.n the
nlission,  spacccraf(,  as WC]] as the attitude control subsystcm  dcsi~,tl.  llctails  on IIIC I;Y 94
IIlissiol]  scenario can h found in Rc.fs. 5’/.

‘1’hc l:Y 94 l>:ls~:li[lc  c:illsfor  l\vos]>acccr:ift  Iocom])lctc 9.3 year and 9.8 ycaldirc.ct
l]:]jcctolicslol’ ltllotvitll  flyt)ys:~t  alclativcs I>cc(lt(  )tl]cj) l:iilc(()  f':\ ]J]>rC)xi]ll:llcly  15knl/scc.
Scc]; igurc 1. I)llri]]p,  :il>l>]t):~cll,l  )( J(llsi(lc.sC  )f}'ltll{)w illt)ci ]]][i2,c.(l; ll()\\'cvc],tl lc(lct:tilc(l
]nosaic done aboLI[  atl hour and a l]a]f prior toc](mcst  approarlI  will only bc of onc side,
wllilc detailed images of lhc olhcr side will lx made dulin[’,  tlIc flyby of tllc scc.ond
spacecraft .
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l(igure 1 l)irect ‘J’rajccto~  ics to l’luto

‘1’hc change in vclocily  required 10 bc cxccutcxi  b>’ the spat.cct-at’[ during the cruise ]hasc
of the ]l]ission is c,xpcctcd to be 360 Ill/sec. Most oj the chan~,c  ill velocity budgc(  will bc
used 10 correct for crmrs in the intcrplanc[ary i]ljc~[ion  made by [lm two spin s[abilizc{i
soii{i rockcl  ]notms sitting on top of the 1’IW1OII  booster. O{lIcI wrsc. lhc cruise pcrio(i  will
bc mlat ivcl  y uncvcnlfui  will] minimal spacecraft to 1 ;ill”th  coIt]nluni(at  ions.

‘1’hc Russian drop ]wobc wiil bc cjcctcd  32 (iays I wior to cncolll Itcr. The near cnccm]]te,r
pcrimi with ]’iuto an{i Charon wili last only a few hcIurs ciuriIIS w’llicil most of the imaging
will bc (ione, (iata will be relayed from the (irop prol}c ami tlIc occ[l]tation cxpcrimcnts will
bc cxccute(i.  ‘1’i)c  maximum image motion conlpcnsi~tion  rate will bc 1 nlra(i/scc.  Onc way
lip,ht time at l’]uto  cncmntcr  will be about four hcnm.

THE SPACECRAFT

A (iiagram  of the I:Y 94 baseline Pluto s]lacccralt is showII in 1 ‘i~ure 2. ‘1’lIc spacecraft
is three. axis cmntro]lc(i  usinf, coki gas thrusters wilhm[ rcaclio[]  whc.c]s  or a scan pla[form
‘1’hc wet mass of the spacecraft is ]82 kg, whi]c’  the CiIy lII:ISS slaJIcis al ]58 kg. AI
cncollntcr  78 wat[s is cxpcctcd to bc available from tllc ra(iioisotope thermoelectric
gcnerato]. Moments of incr[ia at cncountc.t will rallgc fro][l abou~  15 kg-m2 for the y axis
[0 30 kS,-In2 for the other two axes. “1’hc slmcccraft  comiN)Dcnts  wi II bc (icsigncxi  to
withstand radiation witl] a total ionizing ciosc of 22 kl<ad  (Si) ovm a I O year mission.
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F i g u r e  2 ‘1’hc Pluto Miss ion  Spacecraf t ,  H 94 IIasdinc

As the Pluto mission dcvclopmcnt  activity pro~,rcsscs,  clIaI~scs to the missicm sccl]at  io
may require important modifications tothc spacecraft. I’m exaTIlplc, the possibility of a
trajectory using  Jupiter for a gravi(y assist would require cmhanccd  shielding for clcctlmic
cxmponcn[son  thcspacccrafl.

ATTITUDE CONTROL SUBSYSTEM RI. QUIREME.  NTS AND DESIGN

]Iiffcrcnl  opcrat  icmal  morlcs of the l’luto spacecraft dc.fine different at[itudc  corl[r 01
rcquircmcnts. ‘Ilc mlly mode in which precision Iwinting  is rcquilc.cl  is the ima~ing rmxlc
during [hc l’luto flyby. In addition to the inlagitlg  rnodc we will discuss the trajcc(ory
correction rnancuvcrr~~odc.  wllicll  rll:ikcsl]scoft}~c  incr(ial rcfcmmuni[.  All rcquircrmnts
will bc 30 values unless staled  otherwise. A I]lock diafyar]]  of the attitude co~]tro]
subsystcm is shown in l;igurc 3.
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Figure 3 Attitude COnlro] S u b s y s t e m  IIlock  l)iagram

‘1’hc tr:ijcc[ory corrcc(ion mancwvcrs arc rmccLIIc(i by three of six 4.45 N hychw.illc
thrus[crs  USCX1 in an off-pulse morlc foI’ (hrusl vector control. Additional 0.15 N cold gas
Ihrus(crs will pmvi(ic roll control durinr,  the. trajectory corlcction  mancovcrs.  “1’hc
trt~jcc[ory  correction maneuvers rcquir-c tlM[  the ne( poin[ing  error bc no greater [tlan  36
mrad.

‘1’hc mosl  critical pointing  rccplircmcnts  will of course occur during  the fast flybys of
1’10[0 and Charm.  3’llc pointing capability is cxpcc[cd to match o] bc(tcr that of Voyager 2
durins  its cncountcr with NCptLIIIC. The rcquircmcl]t  for pointinf,  knowlcclgc  is 1.5 mrad
and the poin[inp,  control rcquircnmn( is 2.0 lnra(t. Keeping (}1c la[c of the spacccraf[ within
10 prad/scc  of the dcsircct  inlagc  motion CXJInpcnsal  ion rate is ttw. tnost stringent point ins
I-cquircmcnt  for the cn(irc mission. ‘J’hc rnaximurn  image motion  colnpcnsaticm  ralc is
cxpcctcd  to h 1 nwad/scc.

Cold gas (g,ascous N~) thrwstcrs have been devclopccl  for tl]is mission with a small

enough impu]sc bit to meet tl)c rate controt  rcqui rcmcnt of 10 111 :icl/scc  with a 0.2.5 m
thruster momcn( :trln. ‘1’hcsc thmstcrs have a ().()()5 N thrust and could have lnininlum  on
times on the orxicr of 4 - 5 ]nscc. Sixteen cold gas thruster ~)rovidc rcaclion  control for
Inos( modes of the mission. Note that the Voyager spaccmrf[  also had :i scan platform that
was [isc(i  for image lnosaicking,; hmvcvcr, the most succcssfill  image motion compcns:ition
was done with the ltlrustcrs  a]ld not its scan ~datforlll.
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ATTITUDE DETERMINATION

IIccausc of the scvcrc mass constraints for the l’luto mission, it was imperative to have
as low a mass JJossiblc  for attitude determination hardware. ‘J’lmcforc,  it was obvious that
an incr[ial rcfcrcncc  wlit like. the l;ibcr Optic Rotatitm  Systcm proposed by a previous Pluto
study with a mass of 10 k~ was not a viable. option. Power is also :i kcy limiting factor.

lmlccd a low mass inertial rcfcrcnc.c unit implies that it will bc below navigation grade.
‘]’his  mcaJIs  that the bLJrdcJl  for atti[wic Ctctcrmination will bc carried by the star tracker,
which will have the capability of pointing anywhcl c in the unobstmctcd  Cc]estia]  sphere to
aid in determining the 3-axis attitude of the spacccj-:tfl.  in lhc ncx~ sections wc will dcscribc
(1)c kcy attitude determination harctwarc  - the inertial rcfcrcncc  unit and the star tracker.

INERTIAL REFEFIENCE  UNIT

The incr[ial rcfcrtmcc unit (]RII) on the Pluto spacecraft will bc used to SCJISC rates
during t rajcct my correction maneuvers, followinf,  rc.lease of the spi n-cjcctcd  drop probe,
aJld during any anomalcms  spin modes. The IRll  sc]cctcd for lhc I;Y 94 basc]inc study
was the lloJlcywcll 1.ightwcight  Attituctc Rcfcrc.ncc LJ1lit mrhich contains 3 }loJlcywcll
GGl 308 ring laser gyros. ‘1’hc lRIJ has a mass of 210 gr:ims aJKl consumes 6.1 watts.

l:or purposes of (discussion in this paper, a gyro is defined a~ a dcvicc  which mcasarcs
angular change. or angu]ar  rate about  onc axis, all inertial rcfci’cncc unit contains two or
more gyros aJK]  an inertial mcasurcmcnt  unit is an lRIJ that also Carl ics an accc]cromctcr.

A 1.ight wcighl  Al titu(ic Rcfcrcncc lJnit  on loan froIn 1 awl cncc 1,ivcrmorc  National
laboratory was tc.slc.d at J]’]. during, the latter half of 1993 as lMrl of the l’]uto Advanced
‘1’cchnology ]nscrlim]  program.

“1’hc.  performance characteristic of most intcrc’st is the bias instability which haS bcca

measured around  1 dcg/hour  ( 1 0). llvcn better performance is c.xpcctccl  in future dcviccs
:111(1  SJIMIICI  bjaS instabilities lt:lVC  bCCIl  JIICNII’C(]  on a IlllJllbcJ’  of J’;t’]g ]NCJ’ gyros pI’OdUCCd
10 date by 1 loncywc]l.  ‘1’hc 1 dcg/hour  bi:is instability should bc adc.quatc for “1’CM  control
on the l’]uto spacecraft.

}Ijas  instability is not t])c oJlly  J]ojsc  charactcJ  Istjc of intm’st in (hc If<lJ. Ot]lcr noise
sources incldc  quantiz,ation  noise, angle random walk, rate IaIJd OIU walk and ra[c ran)p.
l;or the 1 loJIcywcll ring laser gyro, a rate random walk noise component could  Jlot bc
dctcctcd. Note that rate ramp noise for the rin:  laSCI g,ym is si:llificml  OIlly for 10IIR
integration t imcs (T > 105 scuds). Angle randol n walk was n masurc.d  at O.119 dcg/&.

llascd on these noise sources it was dclcrmincd  that ttlc 11<11  could  find spacecraft rate
to within 312 prad/scc at a 2,51 lx update rate (400 Jnscc integration). After a 100 second

integration period, rates collld bc dctcrmincd  within 33 prad/scc. Clcar]y the IRU was Ilot

going to bc usable to cent rol:spacccraft  rate to 10 i lrad/scc.



STAR TRACKER

‘1’hc kcy asscmb]y in supporl  of precision pointing by the at( itude control subsystcm is
the star trackc.r.  Recall that star sensors foj three :ixis coIIIrollcd spacecraft gcncral]y  fall
into onc of three catcgorics: a star camera, a star tracker or a stc.llar compass. ‘l’he three
dcvim arc marked by increasing levels of il]tcrnal proccssjnp,. ‘1’hc. star camera is simply a
camera which sends out a stream of pixc] information to bc proccsscci by a spacecraft on-
board processor. A star tracker will SCJN1 out cclltroid information on the ol>~cc{s  in the
ficlci  of view. l’hc stellar compass has cmmgh  int(:rnal  processing to calculate an attitude
from the observed s[ar field.

‘I”hc. 1 ‘Y 94 }’luto baseline consi(icrcd  a star [racker basml on the I ]ug}lcs  l>anbury
Optical Systems (111)0S) 111)- 1003 star trackers. “]’hc l’luto star tracker is sometimes
referred to as (he Planetary h4icro-Tracker. ‘J’hc nmdificatiol~s  to [he 111)-1003 for usc in
(he 1 ‘Y 94 baseline include the. dclc.(ion  of tlm power conditioning, unit, elimination of some
radiation shielding and the usc of a slower ~lpdatc rate (2.5 I Iz vs. 10 11~,).  in I~Y 94
11110S completed a l’lanctary  Micro-”1’racker hardware and software demonstration and
assessment as one of many Advanced ‘J’cchno]ogy  1 nscr[ ion cffol-[s sponsored by [hc ]’luto
l’rcprojcct.

Tracker Characteristics

‘I”hc mass of t}lc tracker is 2 kg and it uses an averag,c of” 2.7 watts, with 3.5 watts
being the peak power consumed. ‘l’he tracker can follow up to 6 stars at a time and has a
sun exclusion ang]c of 45 clcgrccs. ‘l”he tracker is capable  of bcin~, reprogrammed in flight.
‘1’hc star tracker make.s usc of a 1 ma] Acrol]u~ronit  produced C<’1 J and has an 8 dcgrcc  x 8
dc~rcc field of view.

‘1’hc cn(i of life. accuracy (angular accNIacy) 01 the trackcl f[or magnitude 6 stars (Mv =
6) is 17,7 prad  (1 o) for 2 axis knowledge ( 1 star)  aad  ;!55 prad  (1 o) for 3 axis
knowlc.dgc  (2 stars).

Contributing to the tracker error lmdgct arc borcsigh(  accl]racy and accuracy with
rcspcc[  to the borcsjghl. ‘Il)c borcsight  accuracy lcrm will act as a constant or a bias and so
will have no impact on tlm calculation of I-o]] (twist about  the (I ackcr borcsi~ht)  accuracy,
nor will it contribute as a noise soulce  whcll  cstim:lting the ralc of spacecraft.

‘]’]Ic clcmcnts  contributjl]g  10 lhc borcsi~,l]t e r r o r  a]c: calibration knowle(igc,
l:lllllcll/l]l~>cl]  :illictil  hysteresis, tc.mpcraturc  corrcctim residual aTKl clwrgc transfer efficiency
residual.

‘1’hc accuracy with respect 10 the borcsij:ht (wllicl] (iocs impact roll  and rate.
calculations) jncludc.s these terms: calit)ralion  knowlcdg,c,  low spatial frcc]ucmy terms,
ccmtroiding errors and line of sight error for sJmcccr:if[  motions l]p to 0.05 dcg/scc.

‘1’hc, ccntroidin:, error tc.rm, which :iccounts  for hip,h s]xit i:il frequency errors in the
sensing find d:itti  processing system, jncllldcs: sensor noiscj scllsor lloll~lllif(~l”lllity,  sensol
full WC]] c:ipacity  and nonlinearity thrcslmldin{’ effects, :it]:iiop, to digit:il qu:inti~ation,
(]u:inlimtion  noise :ind l][~llllllif(~rll)ity,  ccntroid s]~at ial qllantimt  ion, c. ffccts of the p,loupillg
al~,ori[hm for illumin:itcd pixels ai~d charf,c tr:insfcr inefficiency :iml its tlnccrt:iinty.
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in addition, as part of the assessment task nwntkmd  carlim,  lIIKN estimated tbc
pointing accuracy for real star statistics in tl]c vicinily  of I’IU1O and assllming tbc tracker bad
been calibrated against an imaging instrulncnt  to take out tbc bitis errors. III this case the
pointing crmrs  arc 5.8 pra(i ( 1 o) for pitch, 5.2 prod (] o) for yaw and 105 pd ( 1 a) for
yaw.

‘1’hc vendor  also dcmonshatccl  the ability to use [bc ccntroidins algorithms of the dcvicc
to [rack tbc limb of a p]anc[aly  body like Pluto or (Maron.

PRECISION POINTING

‘1’hc biggest precision pointing c}MllcnRc  for the Pluto spamcr:ift  is tbc maintenance of
tbc desired image motion compensation ra[c to within 10 prad/scc. Meeting the 2 mrad
control accuracy rcquircmcnt  will not bc difficult, so wc will focus on the 10 prad/scc rate
control issue.

As was mentioned car]icr, the inertial reference unit will IIot bc of usc for precision
pointing during Pluto science imaging, be.cause of its low accuracy. So (11c burden of
a(titudc  determination is carlicd  by [hc stat- tracker during  this critical pcriocl,  with the cold
gas tlmstcrs  providing the attitude control.

]Iccausc of the noisiness of the star tracker, closed loop control dots not look at[ractivc
for rate control during flyby science imaging. lnstcacl  open loop schcmcs arc being
investigated for pointing control during the flyl)ys. ‘1’1]s is reminiscent of tbc very
succcssfu]  “nodding image mo[ion  c[)]l]l)c})s:~tic)])” scbcnm  ~lscd by VoyaScr 2 cluring  ils
flybys of Neptune aJld “J’riton in August  of ] 989. ]J1 this scbcmc the spacecraft wou]d
command its thmstcrs in a preplanned (i.e. open loop) thrust p] ofl]c to turn tbc camera to a
target, take onc or two images at the proper image )notion c[)l~l~~(’]~s:itio~~  rate and then turn
back to l;arth to transmit Ihc data. Note that tl]c scan platforn)  was not used in this
scenario.

‘J’hc schcmc for t}lc l’]uto spacecraft will bc to cxccutc the imaging mosaics for Ihc
mission in an open-loop manner while p:iusing  at a])propriate.  illtcJ vals to cbcck  the pointing
and rate accuracy aJIci to make a(]justmcnts as Jlccdcd. All ima~,cs  wi]] bc stored for rc]ay to
liarth  following the cncountcr.

Onc of the kcy concerns in illlJ)lc.l~lct-ltil]g  this stratcp,y is tllc amount  of time. that is
required to calculate the rate of the spacccJ :ift  to t]l(’ desired accuracy using the star trackc.r
data. A lc:ist squares an:i]ysis  was done to dctcrmirlc  the unccW1.inty  in rate knowlcdp,c onc
would achicvc  af(cr taking, slar mcasurcmmts over a period of time. ‘1’hc result is:

0(0 = CJtr r [12/(n13  - m)] 0.5 (1)

]Jl }’k].  ( ] ) G(i) iS thC U1lCCJ’tainty  in estimated spacecraft ‘;ltc”> ~tr is tb~ stal tracker
accuracy for tbc axis of concern, r is (IIC ulxlatc rate of the tracker (2.5 1 IY), and m is tlm
number of star field inmgcs proccsscd  ovcI a pcri(d  of tilnc. ( 1 f wc were taking data for
only 4 sccon(is, then m = 10, with an update rate o(’ r = 2.51 IY.)
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‘1’hc above analysis assunm that tbcm arc ]10 external disturbances acting on the
spacccraf( durinp, the (imc that the rate is bcin~,  estimate.d. IIascd on the Voyagcl”  2
cxpcricncc and the present cicsign of the l’luto spacccraf[,  this appcms  to bc a rcasonab]c
assumption.

]n our analysis wc will lW usc that portion of the star trackc.1 error which is considered
a bias, as t hc bias will have no impact on calcmlal  ing the rate as wc :ivcragc over several
trackc] frames.

‘l”hc star traciccr will be. borcsig,htcd  60 cicgrc.cs  around  the circumfcrcncc  of the bus
from the scicncc  imagcr, and so a transformation IIcccis  bc m:idc from the angular  crmrs at
the tracker bomsight  10 the borcsight  of the scicncc  imagcr. ‘J’his  transformation will take
into account, for example, the lar~c tracker IO]] error will }]a\’c on pointing in non-roll
directions on tbc scicncc imagcr borcsight.

in addition, if it were possible to have two stal trackers on simultaneously and the two
tracker borcsights  were 90 dcgrccs  apar(, then wc woutd have three axis attitude
determination accuracy cqua] to that of t])c pitch aJlc] yaw accuracies of the tracker. ‘1’hc
scconci tracker allows a (iramatic inlprovcI ncnt in 1~’hat  had been the poorer accmac y for the
roll axis with just onc tracker.

.
~Jsing llq. (1) an(i  ti)c assumptions  s tated above,  wc present  in  ‘1’ab]c  1 the time

rcquirc(l  to ctctcrminc  spacecraft rate to the Cicsircd  accuracy.

Table 1
TIME IN SECONDS REQUIRED TO [) ETERMINE  SPACECf3AFT  RATE Wl””i”t41N

10 prad/s (3@

TrackmSta[us .Mx = 6. ,St.:lrs Jluto typjca!.stars_ .——  —
1 tracker on 29 15.4

2 trackers on 2,4 1.6

If the atlitu(ic rate estimator ha(i aprioli  inforn~ation  that tllc rate was alrca(iy wilhin say
50 pra(i/scc of the (icsirc(i rate, that lnfol”nNitioJl  COIJl(i bc llS(Xi  to l’CCillCC  the all”lollnl  of
estimation tilnc Iis[ccl  in Ttil)lc  1 above.

I’rior to tile I’luto cncountcr  ti)c rates imp:irtcci by the ttmstcr  impulses will bc
calibratcxi.  l]ut (icspitc tile calibration, the unccllainty  from iln]]llisc  to impulse will have 10
bC. (akcn in(() aC.COllllt. Wc now map Iilruste.1 impulse unccxla  intics  into rzi(c CI mm
following a slew. ]n the analysis the uncertainty in sp:icccraft  1 atc as a func[ion of ilnplllsc
bit uncertainty was ]nmiclcxi  as:

~(,) ‘z CJp [(4 d F A@)/J] O.s (2)



where 0 ) is the 1 0 lloll(lill)c~lsioll:il  Uncmlainty  in impu]sc bit, d is the moment arm in1
meters, 1; is the [hrust in Ncwkms, A@ is the SICW angle ill radians, and 1 is the applicable
momcnl  of incr[ia in kg-n12. A moment of imlia of 1 S kg,-m2  is Nscd in this case.

Also note that after n separate slews where tlmrc is no mmcction for rate errors af[cr
each SICW and the random effects of each slew arc mnsidcrcd  indcpcndcnt, then the ,
uncertainty in rate, G(l)]) , will bc

(3)

‘1’hc above equations [cII us that thruster rcpca[abi]ity  crms J)ccd to bc less than 0.25%)
(361) = 0.0025) in order to allow a 6 frame scqumcc to procccd open loop and sti]] have the

rate within 10 prad/s at the final frame. (’l’his asstlmcs 5 step siz.cs c.ach of 8 mr). };or onc
8 mr step size the repeatability of impulse. bits would  only need to bc about 0.6% to ensure
the rate would  bc within 10 ~lra(i/s of the. desired rate. Note that for a ] % repeatability

error for the impulse bit, the. unccllainty  in rate aftt:r  an 8 mr stc~) is 16.6 prad/s.

‘1’lm 2Ul10UJlt of repeatability error that could bc expcctcd  for’ the inlpll]sc  bjt of a 0.005
N cold  gas  thruster is being investigated by the I’J opu]sion  subsystcm and will bc of ,grcat
Ltsc in dctcvmining  how frequently the controller will have to pause aJld rcestimatc the rate
of the spacecraft during  a scicncc mosaic.

l)cspitc  the fact that lhc analysis is very basic at this Imjrtl, open loop control dllrjn~
scicncc taking with appropriate pauses to check aml  adlus(  thr  rate appears feasible. T h e
drawback of this scl]cmc is the large amount  o~ time that may l]avc to bc cxpcndcc]  to
c.siimatc rates and (hen make a rate adjustment if ncce.ssary. If the time cxpcnciiturc  is
found to negatively impact the scjcncc  ncc(icd to minimally Juslify  a J’luto mission, then a
ncw  pojn(in~  sc}lcmc will have to ttc found. ‘J’hc  lIsc of a fast stccrin~  mirror in the scicncc
inui~cr  itself could bc onc option to explore in that case.

CONCLUSION

A COS1,  mass and schcdulc constrained mission to I’Iu(o will naturally impact the
pointing performance tl)at  can be cxpcctcd (iuring a fast flyl)y. In this paper wc have
focmcd  OJI some precision pointins concepts thal COLJICI  work within the constraints of the
}’luto mission.

“Ilcsc constraints require a nmdcratc pcrforl nancc  inert ial rcfcrcncc unit that will bc
used to coJIt Iol tr:tjcctory  correction mancuvct  pointing, but will not bc of sufficjc.nt
precision (0 assist ]n scicncc imaging. ‘J’hc.rcforc,  the burden of attitude (ictc.rnlination
during  the l’]uto cncountcl  will fdl on the star tracker. 03nlrol of the three axis spacecraft
will be cxccu(c.d  by miniature cold gas thmstcrs.

‘J’hc paper focltscd  OJI the most demanding of tllc pointing rcquircmcnts,  which
prescribes the spacecraft rate bc controlled within 10 prad/scc. (;losc(l loop control aJq>cars
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~>rol>lcl~la(ic  forr:]tcc{)]~tjol  (Jfll~is  I>rccisioll bcc:i~lsc [)ftl~c sti~ltl:tckcrrl  oisc.  An open
Imp schcmc  was suggested as a means of cxccutins  the imaging sequence while
monitoring and maintaining the desired spacecraft rate.

‘1’hc entire attitude control subsystem design will cmtinuc  to bc evaluated against the
rcquircmcnts  and constraints as the mission dcsi{’, n evolves. 1 ‘or the precision pointing
issue, work will likely focus on adaptive estimation schcnm WICI  nonlinear control methods
in order to maximi?,c  the performance of the given 1 Iardwarc.
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